Introduction {#Sec1}
============

Recent evidence suggests that signs and symptoms of severe coronavirus disease-2019 (COVID-19) infection resemble the clinical phenotype of endothelial dysfunction and share mutual pathophysiological mechanisms \[[@CR1]\]. Importantly, endothelial dysfunction has been suggested as a main pathophysiological process in several viral infections, including previous coronaviruses \[[@CR2], [@CR3]\]. Experience from previous coronaviruses has triggered studies testing hypotheses on the role of the endothelial dysfunction in patients with SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2). As a result, recent lines of evidence implicate endothelial dysfunction in the pathophysiology of this systemic infection. Endothelial dysfunction appears to be the common denominator of multiple clinical aspects of severe COVID-19 that have been problematic for treating physicians. Given the global impact of this pandemic, better understanding of the pathophysiology could significantly affect management of patients. Therefore, we systematically reviewed current literature on the pathophysiology of endothelial dysfunction, evidence of endothelial dysfunction in coronaviruses, and particularly in COVID-19 focusing on the clinical phenotype.

Pathophysiology of Endothelial Dysfunction {#Sec2}
------------------------------------------

Vascular endothelium is a continuous monolayer of endothelial cells that forms the inner cellular lining of arteries, veins, and capillaries. Mechanistically, it constitutes a barrier between tissues and blood with the functional capacity of an endocrine organ. Endothelium is directly involved in a number of pathophysiological processes through its dynamic interaction with blood components and other circulating cells. Under physiological conditions, the complex functions of this large endocrine organ are critical to maintain hemostatic balance. Well-described functions of the endothelium include restoration of vascular integrity upon vascular injury and inhibition of excessive thrombosis and clot formation through multiple anticoagulant pathways, including the protein C/protein S pathway \[[@CR4]\]. Endothelial cells interact with platelets and leucocytes, prompting their recruitment, adhesion, and interaction on thrombogenic surfaces, at sites of vascular injury driven by inflammation or infection, or at lesion-prone sites such as the carotid bifurcation \[[@CR4], [@CR5]\].

In addition, endothelium plays an important role in the regulation of vascular tone and growth by synthesizing and releasing a variety of vasoactive substances, both vasodilatory, such as nictric oxide (NO), prostaglandins, and endothelium-dependent hyperpolarization (EDH) factors, as well as endothelium-derived contracting factors, such as endothelin and angiotensin II \[[@CR5], [@CR6]\]. NO biosynthesis by endothelial cells is the most important for the maintenance of vascular homeostasis. The main source of circulating NO is endothelial nitric oxide synthase-3 (eNOS3), expressed in endothelial cells and platelets \[[@CR7]\]. NOS3 activity is regulated by the CA^2+^/calmodulin (CaM) complex, and can also be activated by phosphorylation, which can be CA^2+^/CaM-independent as most of the stimuli, such as shear stress applied on the vessel wall, do not require the presence of CA^2+^/CaM \[[@CR8], [@CR9]\]. Increased oxidative stress promotes oxidation of tetrahydrobiopterin (BH4), which is essential for the formation and stability of NOS3 \[[@CR10]\]. When the supply of BH4 is reduced, NOS3 becomes uncoupled and generates superoxide instead of NO \[[@CR11]\].

Based on the above, it becomes apparent that conditions characterized by increased oxidative stress are associated with diminished biosynthesis and availability of NO. Therefore, an imbalance between excessive formation of reactive oxygen species with inadequate antioxidant defense capacity is considered the hallmark of endothelial dysfunction \[[@CR12]\]. Under such conditions, the protective properties of the endothelium are lost, with a shift toward impaired vasodilation and the expression of a pro-inflammatory, pro-atherosclerotic, and pro-thrombotic phenotype in the vasculature which is directly associated with the pathogenesis, the progression, and the complications of cardiovascular diseases (CVDs) \[[@CR13]\]. Endothelial dysfunction has been documented early in the course of CVD by use of several vascular markers, such as the gold standard flow-mediated vasodilation (FMD), or by measurement of circulating biomarkers, including asymmetrical dimethylarginine (ADMA), oxidized LDL, and endothelial microvesicles (EMVs) \[[@CR14], [@CR15]\].

Endothelial dysfunction triggers coagulation disorders in severe infectious diseases, including viral infections. In such cases, free radicals damage the endothelium and disrupt the endothelial barrier by quenching NO, thus allowing toxins to pass into underlying tissues. Vascular leakage is a key feature of endothelial dysfunction in viral infections and can be caused either directly by the viral attack or indirectly by excessive endothelial activation mediated by maladaptive immunological responses \[[@CR4]\].

Endothelial Dysfunction in Previous Coronavirus Infections {#Sec3}
----------------------------------------------------------

Disruption of the endothelium, either directly through signaling effects or indirectly through increased pro-inflammatory mediator production and subsequent deregulation of the coagulation cascade, has been described in the pathophysiology of previous coronavirus infections \[[@CR2], [@CR3]\].

SARS-CoV was confirmed to be the causative agent for a SARS epidemic associated with severe respiratory failure two decades ago. SARS-CoV infection primarily targets pneumocytes and enterocytes due to their abundant expression of angiotensin-converting enzyme 2 (ACE2), the main functional SARS-CoV receptor, followed by immune system deregulation. Although endothelial cells express ACE2 in the vasculature of several organs, direct evidence regarding endothelial cell infection and dysfunction in SARS patients is limited \[[@CR16], [@CR17]\]. In a study that included 22 SARS patients, Yang et al. showed the development of autoantibodies against human umbilical venous and pulmonary endothelial cells in the convalescent phase that could mediate complement-dependent cytotoxicity, thus suggesting a possible pathogenic mechanism \[[@CR18]\]. In addition, vasculitis and evidence of endothelial cell inflammation have been documented in postmortem analyses of individual SARS patients, but their role in the pathogenesis of the disease is unknown \[[@CR19]--[@CR21]\].

Thrombotic Predisposition in Previous Coronavirus Infections {#Sec4}
------------------------------------------------------------

Coronavirus-infected patients (SARS-CoV and Middle East Respiratory Syndrome/MERS-CoV) have an enhanced thrombotic tendency that has been documented both in vitro and in vivo \[[@CR22]\]. Studies in mice showed that SARS-CoV infection is associated with dysregulation of the urokinase pathway, leading to inflammatory vascular damage and activation of the coagulation cascade, culminating in thrombosis \[[@CR23], [@CR24]\]. Similarly, in vitro studies showed that SARS-CoV-infected human cells significantly upregulate the expression of genes implicated in inflammation and coagulation and their related proteins \[[@CR25]--[@CR27]\], thus contributing to a pro-coagulant profile that mimics the thrombotic alterations observed in SARS patients.

In this context, data have shown that SARS patients exhibit abnormal coagulation parameters and thromboembolic events. In a retrospective study including 153 SARS patients, 49% of them presented reactive thrombocytosis and 63% presented prolonged activated partial thromboplastin time (aPTT) during the course of their illness with no evidence of thromboembolism or other coagulation abnormalities, whereas 2.5% developed disseminated intravascular coagulation \[[@CR28]\]. In another study of 138 SARS patients, almost 50% of the study population had a prolonged aPTT and increased levels of [d]{.smallcaps}-dimers, while 71% showed increased levels of lactate dehydrogenase, a significant predictor of intensive care unit admission and death \[[@CR29]\]. An abnormal coagulation profile, including increased levels of thrombopoietin, von Willebrand factor (vWF), and plasminogen activator inhibitor-1 (PAI-1), has also been documented in SARS patients \[[@CR30], [@CR31]\]. In a study of 46 critically ill SARS patients, an increased frequency of thromboembolic complications, including pulmonary embolism and deep vein thrombosis, was observed \[[@CR32]\]. In another study, a uniform pattern of large-vessel ischemic strokes was observed in 5 out of 206 SARS patients with relatively few vascular risk factors, while approximately 30% of those who were critically ill had venous thromboembolism \[[@CR33]\]. Of note, increased levels of anticardiolipin antibodies have been found in post-SARS patients \[[@CR34]\].

Despite relatively limited reports of confirmed clinical thromboembolic events, evidence of enhanced coagulation in SARS patients has been firmly established in histopathological analyses, with fibrin clots in the pulmonary vasculature being a prominent feature \[[@CR35]\]. Further, postmortem findings of individual SARS cases were consistent with microvascular thrombi formation in the pulmonary veins and evidence of systemic vasculitis in multiple organs, associated with endothelial cell inflammation, proliferation, swelling, and apoptosis \[[@CR19]\]. In a case-series study of 8 SARS patients by Chong et al., autopsy findings included pulmonary thromboemboli in the main and segmental pulmonary arteries as well as deep vein thrombosis and widespread multi-organ infarctions associated with intravascular thrombi \[[@CR36]\]. In addition, a larger study including 20 autopsies from SARS patients by Hwang et al. revealed vascular endothelial damage of both small- and medium-sized pulmonary vessels and multiple intravascular fibrin thrombi and thromboemboli associated with pulmonary infarctions \[[@CR20]\]. Another postmortem analysis of an individual SARS patient revealed evidence of endothelial cell inflammation and thromboemboli in the veins and microcirculation of multiple organs, thereby highlighting the thrombogenic potential of SARS-CoV in a wider spectrum, including the systemic vasculature \[[@CR21]\].

Endothelial Dysfunction in COVID-19 Infection {#Sec5}
---------------------------------------------

### - Pathophysiology {#Sec6}

The first step in understanding new complex pathophysiological mechanisms is to combine experimental and translational research and apply a bench-to-bedside approach. Figure [1](#Fig1){ref-type="fig"} summarizes our understanding of the pathophysiology of endothelial dysfunction in COVID-19. Taking into account previous experience from other coronaviruses, several recent studies have implicated complement activation as part of the vicious cycle of endothelial dysfunction in COVID-19 \[[@CR37]\]. Complement is a major regulator of endothelial injury syndromes, such as thrombotic microangiopathies \[[@CR38], [@CR39]\]. Severe COVID-19 appears to resemble complement-mediated thrombotic microangiopathies in both pathophysiology and clinical phenotype \[[@CR40]\]. This resemblance could be also important for management \[[@CR41]\], since complement inhibitors have shown safety and efficacy in COVID-19 \[[@CR42], [@CR43]\].Fig. 1Schematic representation of endothelial dysfunction in COVID-19

As mentioned above for other coronaviruses, pericytes with high expression of ACE2 are target cells of COVID-19, resulting in endothelial cell and microvascular dysfunction. Since ACE2 is highly expressed on cardiac myocytes, cardiac injury is expected in COVID-19 \[[@CR44]\]. Similarly, a recent study has suggested a coronaviral tropism for the kidney, since ACE2 is highly expressed on podocytes and tubular epithelial cells of the kidney \[[@CR45]\]. A puzzling question is the neuroinvasive potential of SARS-CoV-2 that has been suggested by the clinical observation of neurological signs in infected patients. Animal models of structurally similar coronavirus infections point to direct nervous system invasion by coronaviruses. Another hint is that ACE2 is also expressed in in the vasculature of the brain \[[@CR46]\]. Potential routes of central nervous system entry, including hematogenic spread, olfactory bulbs, synapse-connected routes, and peripheral nerves, have been suggested. It has been proposed that even before neuronal damage occurs, endothelial injury leads to rupture of cerebral capillaries and eventually to fatal intracerebral hemorrhage in patients with COVID-19 \[[@CR47]\]. Further research is needed to explore how such invasiveness could cause direct neurological tissue damage through endothelial dysfunction and the probable variable interaction of the virus with different hosts leading to fluctuating clinical manifestations and severity \[[@CR48]\].

The most critical step in unraveling the neuroinvasive propensity of the new coronavirus is to study human neuropathological findings. The first evidence of SARS-CoV-2 presence in brain tissue from postmortem examination strongly supported the hypothesis of endothelial injury and hematogenous dissemination as the primary route of central nervous system (CNS) invasion as viral particles were found in brain capillary endothelium \[[@CR49]\]. In a prospective cohort study, SARS-CoV-2 RNA was detected at low titers in autopsied brains of 4 (33%) patients \[[@CR50]\]. These data appear to confirm the predominant theory of hematogenous dissemination, leading to endothelial damage. Attempts to isolate SARS-CoV-2 from CSF have been made but were not always successful \[[@CR51], [@CR52]\]. The latter study described the first case of meningitis/encephalitis associated with SARS-CoV-2 virus in which RNA was detected in CSF but not in the nasopharyngeal swab \[[@CR52]\]. Another case report of acute disseminated encephalomyelitis supported an immune-mediated CNS involvement that could occur after COVID-19 infection \[[@CR53]\]. Hence, alternative routes of direct nervous system invasion or an indirect immune-mediated involvement of CNS cannot be ruled out.

### - Clinical Phenotype {#Sec7}

#### Thromboembolic Events {#FPar1}

The interplay between endothelial injury, complement activation, hypercoagulable state, and thrombin production seems to be a common denominator of COVID-19 clinical features such as deep vein thrombosis (DVT), pulmonary embolism (PE), microvascular thrombosis, cerebrovascular, and cardiac disease \[[@CR41], [@CR54]\]. Table [1](#Tab1){ref-type="table"} summarizes clinical features of endothelial dysfunction and microvascular thrombosis in COVID-19.Table 1Clinical features of endothelial dysfunction and microvascular thrombosis in COVID-19 infectionClinical manifestationsAssociated clinical featuresI. Microvascular lung thrombosisSigns and symptoms resembling those of pulmonary embolismII. Venous thromboembolism  Pulmonary embolismTachycardia, dyspnea, syncope, chest pain or discomfort, hemoptysis, fever, dizziness, sweating  Deep vein thrombosisPain, swelling, warmth, red or discolored skin on the extremities  Cerebral venous thrombosisNew-onset headache or isolated intracranial hypertensionIII. Arterial events  Cerebrovascular diseaseLarge-vessel occlusionIntracerebral hemorrhageCNS vasculitis  Cardiovascular diseaseElevated troponin, symptoms of cardiomyopathy  Acute limb ischemiaPain, pallor, pulselessness, paresthesia, perishingly cold, paralysisIV. Other  Renal diseaseElevated creatinine, proteinuriaV. Neurological complications  Indirect events through systemic responseEncephalopathy, headaches, psychotic symptoms, de novo seizures or status epilepticus, myopathy  Direct nervous system invasionAnosmia/ageusiaEncephalitis/meningoencephalitis  Postinfectious/immune-mediatedGuillain-Barré syndrome, Miller Fisher syndromeAcute necrotizing encephalopathyAcute disseminated encephalomyelitis

#### Microvascular Thrombosis {#FPar2}

Autopsy findings in SARS-CoV-2 patients have demonstrated extensive microvascular injury mediated by complement activation and an associated hypercoagulability \[[@CR55]•\]. Another postmortem examination of COVID-19-affected lungs revealed that pulmonary vascular endotheliitis, thrombosis, and angiogenesis are distinctive pulmonary vascular pathophysiologic features of COVID-19 infection not seen in influenza A (H1N1) infection or in uninfected controls \[[@CR56]\]. In this context, use of term MicroCLOTS (microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome) has been proposed \[[@CR57]\].

#### Venous Thromboembolism {#FPar3}

Venous thromboembolism (VTE) manifested as DVT or PE is encountered commonly in critically ill COVID-19 patients despite prophylactic anticoagulant treatment.

Autopsy studies revealed generalized thrombotic microangiopathy and endothelial dysfunction together with PE and DVT in COVID-19-infected patients \[[@CR58], [@CR59]\]. In the first study, PE was found in 4 of 21 specimens while receiving anticoagulation \[[@CR58]••\]. In the other autopsy study of 12 consecutive COVID-19 patients, only four of which were receiving anticoagulation; DVT was revealed in 7 (58%), but in no case was DVT suspected clinically \[[@CR59]\]. PE was identified and was the primary cause of death in 4 patients. Both studies reported high body mass index and high prevalence of cardiovascular disease, hypertension, and diabetes mellitus history in the afflicted patients.

In parallel with autopsy findings, high rates of VTE (10 to 43%, especially PE) have been clinically diagnosed in COVID-19 patients in intensive care units (ICUs) \[[@CR60], [@CR61]\]. A multicenter Dutch study in COVID-19 ICU patients confirmed VTE in 27%. PE was the most frequently encountered thrombotic complication (81%) \[[@CR60]\]. A Chinese ICU study identified a 25% incidence of VTE in 81 patients, of which 8 were fatal (10%) \[[@CR61]\]. Furthermore, in a series of 184 ICU patients with severe COVID-19, PE was observed in 25 (14%) and DVT in 1 case \[[@CR62]\]. PE incidence rate was 21% in another series of 107 ICU patients despite prophylactic or therapeutic anticoagulation \[[@CR63]\]. In contrast, in another cohort, the incidence of VTE was 20% overall, but no VTE events were observed in patients receiving therapeutic level anticoagulation on admission \[[@CR64]\]. Α high rate of VTE (43%, mainly PE) overall was reported in another series of 150 ICU patients in which patients with COVID-19-associated acute respiratory distress syndrome (ARDS) had higher rates of thrombotic complications compared with non-COVID-19-ARDS \[[@CR65]\]. In a small series of 26 individuals with COVID-19, in whom screening leg ultrasounds were performed in the ICU, VTE was found in 18 (69%) cases \[[@CR66]\]. All patients were receiving either prophylactic or therapeutic anticoagulation, and some had additional VTE risk factors. Non-ICU COVID-19 patients had lower rates (3% to 21%) of VTE during hospitalization \[[@CR64], [@CR67], [@CR68]\]. Data on thrombotic events in patients with COVID-19 infections who were not hospitalized are insufficient for analysis.

The repeated reports of high rates of VTE in COVID-19 have led to the development of a guidance document recommending more aggressive thromboprophylaxis dosing intensities, extended-duration post-discharge thromboprophylaxis, and an individualized approach, taking into account average body mass index, severe thrombocytopenia, and drug-to-drug interactions \[[@CR69], [@CR70]\].

#### Acute Limb Ischemia {#FPar4}

Acute upper or lower extremity ischemia has been identified as a COVID-19 arterial thrombotic complication, in some cases requiring surgical embolectomy \[[@CR71], [@CR72]\]. In one case series, two young patients who had no comorbidities developed acute limb ischemia despite low molecular weight heparin prophylaxis \[[@CR73]\]. A case report linked acute COVID-19-associated limb thrombosis with a probable diagnosis of antiphospholipid syndrome \[[@CR74]\]. The largest single-center, observational cohort study assessed 20 COVID-19 patients who presented with and were treated for acute limb ischemia over a 3-month period \[[@CR75]\]. An increased incidence rate of acute limb ischemia was observed in 2020 compared with the same months in 2019, and successful revascularization was achieved in 12 of the 17 (70.6%) patients.

#### Cardiovascular Events {#FPar5}

Acute myocardial injury, evidenced by elevated cardiac biomarkers (cardiac troponins, ECG changes, or echocardiographic abnormalities) is the most commonly reported cardiovascular complication of COVID-19 infection \[[@CR76]\]. The frequency of myocardial injury varies among hospitalized patients, with reported incidence of 7 to 28% \[[@CR77]•, [@CR78]--[@CR81]\].

Acute cardiac injury occurred in five out of the first 41 COVID-19 patients in Wuhan, four of whom were admitted to ICU, suggesting that cardiac involvement was a predictor of disease severity \[[@CR82]••\]. Some studies identified an association of troponin elevation in hospitalized patients with a more severe clinical course and worse outcomes \[[@CR77], [@CR78], [@CR81]\]. In one of the aforementioned cohorts of 416 COVID-19 hospitalized patients in Wuhan, one out of five patients had extremely elevated high-sensitivity troponin I (hs-TnI) on admission \[[@CR77]•\]. Similarly, in another study from Wuhan, elevation of hs-TnI on admission was identified in half of nonsurvivors compared with 1% of survivors \[[@CR83]\]. In contrast, in a study carried out in the USA, troponin levels on ICU admission were elevated in only 2 of 13 critically ill COVID-19 patients, with a 50% mortality rate in the group as a whole \[[@CR80]\].

Heart failure has been proposed as another predictor of COVID-19 outcome. In a study from Wuhan of 191 hospitalized patients, heart failure was found in half of the fatal cases and in only 12% of survivors \[[@CR84]\]. These observations were confirmed in a second Chinese cohort of 799 hospitalized COVID-19 patients \[[@CR85]\].

Apart from myocardial injury and heart failure, evidence of other forms of cardiovascular disease and risk factors in COVID-19 is limited. Both tachyarrhythmia and bradyarrhythmia have been described. The incidence was higher in patients requiring ICU admission (44.4% versus 8.9%) but the exact type of arrhythmia is unknown \[[@CR83]\]. According to the report from National Health Commission of China (NHC), cardiovascular symptoms, e.g., palpitations and chest pain, were the first manifestation of COVID-19 infection for some patients \[[@CR86]\]. Importantly, pre-existing cardiovascular risk factors and/or development of acute cardiac injury have been consistently found to be associated with significantly poorer prognosis in COVID-19 patients \[[@CR84]\]. Furthermore, a significantly increased prevalence of pre-existing cardiovascular disease/cardiac risk factors has been reported in COVID-19 patients with evidence of myocardial injury \[[@CR77]•\]. However, there is not yet sufficient evidence to conclude that cardiac involvement is a surrogate biomarker of COVID-19 severity rather than just a confounding factor.

#### Cerebrovascular Events {#FPar6}

Acute ischemic stroke is a recognized extra-pulmonary thromboembolic clinical feature of COVID-19. There are reports of stroke as the presenting clinical feature of polymerase chain reaction (PCR)--confirmed COVID-19 infection, not simply a complication of inhospital stay \[[@CR87]\]. In one case series, four elderly patients with cardiovascular disease histories presented with fever and neurologic deficits related to acute infarction in the middle cerebral artery territory but were deemed unsuitable candidates for thrombolysis or any acute neurointervention. Another report of five patients younger than 50 years of age identified large-vessel stroke as a presenting feature of COVID-19 \[[@CR88]\]. Two of these had unremarkable medical histories; four out of five received acute treatment; and only one was hospitalized in ICU.

A large study that examined the neurologic signs and symptoms of 214 consecutively hospitalized COVID-19 patients in Wuhan reported six acute cerebrovascular events and found that neurologic symptoms were present in severely affected COVID-19 patients \[[@CR89]\]. In a nationwide, multidisciplinary study from the UK, 77 (62%) COVID-19 patients had a cerebrovascular event, 57 of whom had acute ischemic strokes \[[@CR90]\]. In contrast, in a Spanish registry, ischemic stroke was recorded in only 11 (1.3%) cases, and in an ICU cohort of 184 patients, only three cases were found \[[@CR60], [@CR91]\]. Another three strokes were reported in a similar French ICU cohort of 150 COVID-19 patients \[[@CR65]\]. A UK report confirmed the observation of COVID-19 association with large-vessel occlusion, 8--24 days after COVID-19 symptom onset in six cases (aged 53--85 years, with cardiovascular medical history) \[[@CR92]\]. Five of six patients had a positive lupus anticoagulant, one with coexisting low-medium titer of antiphospholipid antibodies (aPL). The theory that COVID-19 might stimulate the production of aPL has been put forward \[[@CR93]\]. However, aPL are usually transient in the postinfection period and their clinical significance is ambiguous \[[@CR94]\].

The most likely mechanism of early cerebrovascular accidents during the course of COVID-19 infection appears to be hypercoagulability and vascular endothelial dysfunction mediated by pro-inflammatory cytokines. An Italian retrospective study reported significantly increased rates of cerebrovascular disease in COVID-19 patients with neurological manifestations compared with hospitalized neurological patients without COVID-19 (76.8% vs 58.1%, respectively) \[[@CR95]\]. In that study, COVID-19 patients with cerebrovascular disease presented with a hypercoagulability state characterized by longer prothrombin times, higher fibrinogen levels and inflammatory indices, and statistically significantly worse outcomes (COVID-19 patients with a good outcome 25.6% vs non-COVID-19 70.6%). Yet, further investigation is needed to assess the risk factors, causative relationship, mechanisms, and stroke phenotype, especially in young patients with COVID-19. Increased awareness is needed to recognize the coexistence of COVID-19 with stroke and promptly treat a COVID-19 patient presenting with an acute neurologic symptom with thrombolysis or mechanical thrombectomy when appropriate \[[@CR96]\].

The other side of cerebrovascular disease, intracerebral hemorrhage (ICH), has also been also linked with COVID-19, but occurs less frequently. Nine intracerebral hemorrhages were reported in the UK-wide cohort and three in a Spanish registry \[[@CR90], [@CR91]\]. In a case report, evaluation of acute loss of consciousness in a febrile 79-year-old patient with an unremarkable medical history revealed COVID-19 infection and a massive intracerebral hemorrhage together with intraventricular and subarachnoid hemorrhage \[[@CR97]\]. Moreover, in an ICU cohort of 150 COVID-19 patients receiving anticoagulation, one patient presented with both ICH and ischemic lesions \[[@CR65]\].

Cerebral vein and dural sinus thrombosis (CVT) and CNS vasculitis are less common types of cerebrovascular disease. A rare case of CVT was observed in a cohort of 50 COVID-19 ICU patients \[[@CR98]\]. Small-vessel CNS vasculitis was present as a result of presumably direct viral infection of endothelial cells based on a radiological finding of gadolinium-enhanced white matter lesions. Similar findings occurred in one case in the UK-wide cohort \[[@CR90], [@CR99]\].

#### Neurologic Invasion and Phenotypes {#FPar7}

In addition to cerebrovascular accidents, SARS-CoV-2 can affect the central and peripheral nervous systems, causing a variety of neurologic disease phenotypes \[[@CR89], [@CR100]\]. Many neurological symptoms, such as headache, dizziness, myalgia, loss of smell and taste, ophthalmoparesis, pseudoexacerbations of multiple sclerosis and altered level of consciousness have been reported in COVID-19 patients and have been attributed to the coronavirus \[[@CR101]--[@CR106]\]. Severe cases may manifest as impaired level of consciousness, encephalopathy, or encephalitis \[[@CR89], [@CR90], [@CR107]\]. In this context, the idea of COVID-19 disease classification according to the presence or absence of neurological involvement of COVID-19 neurological complications has been supported.

Reports of COVID-19 neurological complications have described a 6--36% incidence of secondary neurological events \[[@CR108]\]. Of note, a large Spanish registry revealed that 57.4% of 841 hospitalized COVID-19 patients developed some type of neurological symptom \[[@CR91]\]. The most common was altered level of consciousness. However, neurological complications were considered the primary cause of death only in 4.1% of total deaths. Some patients may present with nonspecific neurological symptoms, as reported in one of the first retrospective cohorts from Wuhan with 99 patients. Muscle ache occurred in 11%,confusion in 9% and headache in 8% of the patients \[[@CR100]\]. This large study from Wuhan reported an incidence of 36.4% involving CNS, peripheral, and skeletal muscles \[[@CR89]•\]. They observed an association of severe infection with the development of neurologic symptoms. In a French retrospective cohort of 58 inhospital patients, encephalopathy with consistent electroencephalography findings and also prominent agitation and corticospinal tract signs were observed in the majority of ICU patients \[[@CR109]•\]. The coronavirus could not be isolated from CSF, but MRI showed lesions that included leptomeningeal enhancement, bilateral frontotemporal hypoperfusion and ischemic strokes. Neurologic sequelae in ICU-survivors of COVID-19 also included critical illness neuropathy or myopathy and neuropsychiatric manifestations \[[@CR110], [@CR111]\]. Acute de novo psychotic and neuropsychiatric symptoms, hyperkinetic movements, generalized myoclonus, and status epilepticus have also been reported in association with COVID-19 infection \[[@CR91], [@CR112]--[@CR114]\]. A multicenter retrospective study that investigated the risk of seizures or status epilepticus during COVID-19 infection did not record any event, although 108 of 304 patients enrolled had a severe infection \[[@CR115]\]. This contrasts with previous reports of frequent neurological complications in COVID-19 patients \[[@CR89], [@CR116]\]. Furthermore, an increasing number of case reports support the causative role of COVID-19 in postinfectious neurologic complications such as Miller Fisher and Guillain-Barré syndrome (GBS) \[[@CR117]--[@CR122]\]. However, in some cases no SARS-CoV-2 PCR assay was performed to confirm the diagnosis of infection before the hospitalization for GBS \[[@CR123], [@CR124]\].

Hence, it is important to note that the evidence of nervous system involvement in COVID-19 disease is mainly based on case reports and retrospective data. In the middle of the pandemic, the research community is trying to understand the new virus, but publication bias lies in wait.

Conclusions and Future Perspectives {#Sec8}
===================================

Our review summarizes for the first time available evidence of endothelial dysfunction caused by coronaviruses, focusing on COVID-19. Our data confirm previous and recently acquired knowledge that endothelial dysfunction plays a key role in these infections. These data are important in order to understand the multisystemic attack of these viruses, and could also be helpful in patient management. Although there is no direct therapeutic target for endothelial dysfunction, several agents have shown beneficial effects. A promising new strategy for treating severe COVID-19 is complement inhibition. Given the global impact of the pandemic, further well-designed, mechanistic, and clinical studies are urgently needed to translate this knowledge into clinical practice.
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